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ABSTRACT
A crucial component to maximizing the science gain from the multi-messenger follow-up of gravitational-wave
(GW) signals from compact binary mergers is the prompt discovery of the electromagnetic counterpart. Ideally,
the GW detection and localization must be reported early enough to allow for telescopes to slew to the location
of the GW-event before the onset of the counterpart. However, the time available for early warning is limited
by the short duration spent by the dominant (` = m = 2) mode within the detector’s frequency band, before the
binary merges. This can be circumvented if one could exploit the fact that GWs also contain contributions
from higher modes that oscillate at higher harmonics of the orbital frequency, which enter the detector band
well before the dominant mode. In this letter, we show that these higher modes, although smaller in amplitude,
will enable us to significantly improve the early warning time for compact binaries with asymmetric masses
(such as neutron-star-black-hole binaries). We investigate the gain in the early-warning time when the ` = m = 3
and ` = m = 4 modes are included in addition to the dominant mode. This is done by using a fiducial threshold
of 1000 sq. deg. on the localization sky-area for electromagnetic follow-ups. We find that, in LIGO’s projected
“O5-like” network of five GW detectors, for neutron-star-black-hole mergers expected to produce counterparts,
we get early-warning gains of up to ∼ 25 s, assuming the source at a distance of 40 Mpc. These gains increase
to ∼ 40 s in the same five-detector network with three LIGO detectors upgraded to “Voyager” sensitivity, and
∼ 5 min. in a third-generation network when the source is placed at 100 Mpc.
1. INTRODUCTION
The first gravitational-wave (GW) detection of a binary
neutron star merger, GW170817 (Abbott et al. 2017a), also
produced an electromagnetic counterpart that was followed up
extensively by various telescopes worldwide observing dif-
ferent bands of the electromagnetic spectrum (Abbott et al.
2017b). This event became a watershed in multimessenger
astronomy, as it demonstrated the immense science gain in
observing the same transient in multiple observational win-
dows. GW170817 verified the previously conjectured engine
of short gamma-ray bursts (GRBs) as the merger of binary
neutron stars (BNS) (see Nakar 2007, for a review). In addi-
tion, it enabled an unparalleled study of a new class of optical
transients called kilonovae (Metzger 2017), which revealed an
important environment in which heavy elements get synthe-
sized (Kasen et al. 2017). The multimessenger observations
also provided stringent constraints on the speed of GWs (Ab-
bott et al. 2018), gave important clues to the nuclear equa-
tion of state at high densities (Abbott et al. 2019a; Abbott
et al. 2018a), and an independent estimation of the Hubble
constant (Abbott et al. 2017).
An early warning of the merger from the GW data would al-
low many additional science benefits: For example, it would
enable the observations of possible precursors (Tsang et al.
2012), a better understanding of the kilonova physics and
the formation of heavy elements by identifying the peak of
kilonova lightcurves (Drout et al. 2017; Cowperthwaite et al.
2017), and possible signatures of any intermediate merger
product (e.g: hypermassive NS (Hotokezaka et al. 2013)) that
might have been formed 1.
1 To put things in context, for GW170817 the GCN (Gamma-ray Coor-
dinate Network) circular was released only 30 minutes after merger (Abbott
et al. 2017b)
BNS mergers are traditionally expected to produce EM
counterparts, and therefore it is not surprising that the first
efforts towards GW early-warning focused on such events.
The inspiral of BNSs lasts for several minutes within the fre-
quency band of ground based GW detectors. If sufficient
signal-to-noise ratio (SNR) could be accumulated during this
time, ideally tens of seconds to a minute before merger, it
could allow for a tight enough sky map for telescopes, en-
abling them to point at the binary before it merges (Cannon
et al. 2012).
Early warning for heavier binaries, like neutron-star-black-
hole (NSBH) binaries or binary black holes (BBHs), is more
challenging, given that they spend significantly smaller du-
rations in the band of ground based detectors (for e.g.,
GW150914 spent ∼ 0.1s in the LIGO detectors’ frequency
band (Abbott et al. 2016)) 2. A possible way to achieve early
warning is to detect these systems early in the inspiral, al-
though that would require ground-based detectors to be sen-
sitive at very low frequencies. Seismic noise being the domi-
nant impediment to such low-frequency detections, a “multi-
band” detection strategy has been proposed, where the up-
coming space-based detector LISA would detect the binary
early in its inspiral, potentially years before it reaches the fre-
quency band of ground based detectors (Sesana 2016).
In this letter, we describe an alternative method for early-
warning targeted at unequal-mass compact binaries (espe-
cially NSBHs), that could be applied to the upcoming second
and third generation (2G and 3G) network of ground-based
detectors (Abbott et al. 2018b; Reitze et al. 2019; Punturo
2 One might argue that stellar mass BBH mergers are not likely to produce
electromagnetic emissions under standard scenarios. Nevertheless, there are
proposals of possible counterparts to stellar-mass BBH mergers (e.g., Loeb
(2016)). The Fermi satellite had also announced a candidate gamma-ray
counterpart coincident with GW150914 (Connaughton et al. 2016).
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et al. 2010). The method essentially relies on the fact that the
detected GW signal from asymmetric binary inspirals, within
a range of inclination angles, could contain contributions from
several higher modes in addition to the dominant, quadrupole
(` =m = 2) mode (Varma et al. 2014). Since the majority of the
higher modes (with m> 2) oscillate at larger multiples of the
orbital frequency than the dominant mode, we expect these
higher modes to enter the frequency band of the detector well
before the dominant mode. Thus, using GW templates includ-
ing higher modes in online GW searches (e.g: Messick et al.
2017; Adams et al. 2016; Nitz et al. 2018; Chu 2017) would
enable us to detect and localize the binary earlier than anal-
yses that only use the dominant mode, potentially allowing
significant early-warning times.
We investigate the early-warning time gained by includ-
ing the higher modes ` = m = 3 and ` = m = 4 in addition
to the dominant mode, for binaries with secondary masses
spanning the range m2 = 1 − 3M and mass-ratios spanning
q := m1/m2 = 4 − 20. We find that, for a network of five de-
tectors with projected sensitivities pertaining to the 5th ob-
serving run (O5) (KAGRA Collaboration et al. 2019), we get
time gains of up to ∼ 1 minute for trigger-selection (achiev-
ing a network SNR of 4) and ∼ 25 seconds for localization
(achieving a sky area of 1000 sq. deg.), for binaries located at
a distance of GW170817 (dL' 40 Mpc). These gains increase
by about a factor of 1.5−2 for the same detector-network with
the three LIGO detectors, including LIGO-India (Unnikrish-
nan 2013), upgraded to “Voyager” sensitivity (Adhikari et al.
2019). They further increase to ∼ 50 minutes for detection
and ∼ 4−5 minutes for localization, in a 3G network consist-
ing of two Cosmic Explorer detectors and one Einstein tele-
scope detector, even when the source is placed at 100 Mpc.
We also investigate the effect of varying the sky location, ori-
entation and luminosity distance of the source.
The letter is organized as follows. Section 2 elaborates
on the early-warning method, while also describing higher
modes and giving quantitative arguments as to why one
should expect them to enhance early-warning times. Section
3 describes the results, in particular the time gained in detect-
ing and localizing the sources (described above) by includ-
ing higher modes, for various upcoming observing scenarios
involving ground-based interferometric detectors. The letter
ends with Section 4, which gives a summary and an assess-
ment of the benefits of the proposed method.
2. EARLY WARNING WITH HIGHER MODES
The gravitational waveform, conveniently expressed as a
complex combination h(t) := h+(t) − ih×(t) of two polariza-
tions h+(t) and h×(t), can be expanded in the basis of spin −2
weighted spherical harmonics Y −2`m (ι,ϕo) (Newman & Penrose
1966)
h(t; ι,ϕo) =
1
dL
∞∑
`=2
∑`
m=−`
h`m(t,λ)Y −2`m (ι,ϕo). (1)
Here, dL is the luminosity distance, and h`m are the multipoles
of the waveform that depend exclusively on the intrinsic pa-
rameters of the system λ (component masses, spins, etc.) and
time t. On the other hand, the dependence of the waveform on
the orientation of the source with respect to the line-of-sight
of the detector is captured by the basis functions Y −2`m (ι,ϕo) of
the spin −2 weighted spherical harmonics, where ι,ϕo are the
polar and azimuthal angles in the source-centered frame, that
define the line of sight of the observer with respect to the total
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Figure 1. Schematic illustration of how different modes appear in the de-
tector band. We show the real part of the whitened modes h`m (with
` = m = {2,3,4}) of a compact binary coalescence waveform, plotted as a
function of time. The modes are whitened by the noise PSD of Advanced
LIGO to show their expected contribution to the SNR. The higher the m, the
earlier it enters the frequency band of the detector. This can be seen by the ap-
pearance of the non-zero amplitudes of the higher modes at a time∆τ before
the merger (dashed black vertical line), where ∆τ increases with increasing
m.
angular momentum of the binary. For non-precessing bina-
ries, due to symmetry, modes with negative m are related to
the ones with corresponding positive m by h`−m = (−1)`h∗`m. In
this letter, we consider only non-precessing binaries. Hence,
even when we mention only modes with positive m, it is im-
plied that the corresponding −m modes are also considered.
The dominant multipole corresponds to ` = m = 2, which is
the quadrupole mode. The next two subdominant multipoles
are ` = m = 3 and ` = m = 4. The contribution of subdomi-
nant modes relative to the quadrupole mode depends on the
asymmetries of the system — for e.g., relative contribution
of higher modes is larger for binaries with large mass ratios.
Also, due to the nature of the spin −2 weighted spherical har-
monics, the higher-mode contribution to the observed signal
is the largest for binaries with large inclination angles (say,
ι = 60◦).
The instantaneous frequency of each spherical harmonic
mode is related to the orbital frequency in the following way
(assuming a non-precessing orbit):
F` m(t)' mForb(t). (2)
Thus, higher modes (with m > 2) enter the frequency band
of the detector (say, 10 Hz) before the dominant mode (see
Fig. 1 for a qualitative illustration) . The time taken by the
binary to merge, once it has reached an orbital frequency of
Forb, is approximately given by Sathyaprakash (1994)
τ ' 5
256
M−5/3 (2piForb)−8/3 ∝ (F` m/m)−8/3, (3)
whereM := (m1m2)3/5/(m1 +m2)1/5 is the chirp mass of the
binary. Thus, the in-band duration of a higher mode h`m is a
factor (m/2)8/3 larger than the corresponding ` = m = 2 mode.
For the ` = m = 3 mode, this amounts to ∼ 3 fold increase in
the observable duration as compared to the ` = m = 2 mode,
and for the ` = m = 4 mode a ∼ 6 fold increase
However, the time gained in reaching a fiducial threshold-
SNR and localizing a source to a fiducial sky area depends
on two competing factors: On the one hand, higher modes
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are excited only for binaries with large mass ratios (and hence
larger chirp masses, when we fix a lower limit on m2 ' 1M).
On the other hand, according to Eq.(3), heavier binaries will
merger quicker in the detector band. Thus, the region of the
m1 −m2 plane that maximizes the time gains corresponds to
regions where the masses are sufficiently asymmetric to excite
the higher modes significantly, while not too heavy to make
the system hurry through the frequency band of the detector;
this region will change depending on the sensitivities of the
detectors in a given observing scenario.
For stationary Gaussian noise (which we assume through-
out this paper), the power-spectral-density (PSD) of the noise
completely determines its statistical properties. Based on this
assumption, assessing a trigger to be worthy of follow-up can
be reduced to setting a threshold on the SNR, corresponding
to a given false alarm probability. The localization area, at a
given confidence, is completely determined by the separation
of the detectors, their individual effective bandwidths, and the
SNRs. In this letter we use the method proposed by Fairhurst
(2009, 2011) to estimate the sky area from the times of ar-
rival of the signal at the detectors, and timing uncertainties.
In this method, the localization sky area of a source at a given
right ascension (RA) and declination (Dec) can be computed
from the pair-wise separation of the detectors, as well as each
detectors’ timing errors. Note that if the detectors are approx-
imately co-planar, then the mirror degeneracy with respect to
the plane of the detector needs to be broken by additional
waveform consistency tests between detectors.
3. RESULTS
We generate two sets of GW signals — one set containing
just the ` = m = 2 mode, while the other includes the ` = m = 3
and ` = m = 4 modes in addition to the dominant mode. These
are generated using the IMRPHENOMHM model (London
et al. 2018), as implemented in the LALSUITE software pack-
age (LIGO Scientific Collaboration 2020). We consider three
observing scenarios. The first is the “O5” scenario, consist-
ing of LIGO-Hanford, LIGO-Livingston, Virgo, KAGRA and
LIGO-India. We assume the most optimistic projected sen-
sitivities, from the document (KAGRA Collaboration et al.
2019). Since KAGRA’s projected sensitivity for O5 only has
a lower limit, we assume that KAGRA’s sensitivity will equal
Virgo’s. The second is the “Voyager” scenario (noise PSD
taken from LIGO Scientific Collaboration 2015), where we
assume that all three LIGO detectors, including LIGO-India,
will be upgraded to Voyager sensitivity, while Virgo and KA-
GRA will operate at their O5 sensitivities. The third is the 3G
scenario, where the assumed network consists of two Cosmic
Explorer detectors, and one Einstein Telescope. The projected
PSD for the Einstein Telescope is taken from (Hild 2012), and
that for Cosmic Explorer is taken from (Abbott et al. 2017).
In Fig. 2, we summarize the early-warning time gained by
the inclusion of higher modes, for unequal-mass binary sys-
tems, with the secondary mass spanning m2 = 1−3M and the
mass ratio spanning q = 4−20 3.
We only show results for the case of non-spinning bina-
ries, since time gains do not change appreciably with spin.
Furthermore, we focus on the mass range that corresponds to
NSBHs. This is done for two reasons: the first is that an EM
counterpart for binaries detectable by ground based detectors
3 We do not consider mass ratios q > 20 because the waveforms that we
use are calibrated to numerical relativity results only for binaries with q. 20
(London et al. 2018). We also do not show the results for q < 4, as the
improvements are not significant.
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Figure 2. Gains in the early warning time of compact binary mergers due to
the inclusion of higher modes, as compared to the same using the dominant
mode only. These plots correspond to the intrinsic parameter ranges m2 =
1−3M and q = 4−20 (extrinsic parameters set to their optimal values). The
binary components are assumed to be non-spinning; however, even including
a primary spin as large χ1 = 0.9 does not alter the time gains significantly.
We also plot the contours that demarcate the region corresponding to binaries
that would produce a non-zero ejecta mass and therefore an EM counterpart,
for various χ1 values (Foucart 2012). Two sets of contours, corresponding to
two different nuclear EOS, 2H (solid, black contours) and SLy (dotted, black
contours) are plotted. As expected, systems that are both asymmetric, while
relatively lower in total mass, tend to maximize the time gains. These gains
can be as much as ∼ 25 seconds in the O5 scenario, ∼ 40 seconds in the
Voyager scenario, and ∼ 5 minutes in the 3G scenario. A significant fraction
of the systems with gains close to the maximum values are expected to be
electromagnetically bright, even for moderately spinning (χ1 ∼ 0.6) primary
masses, assuming the two EOS considered here.
are expected to require a NS; the second is that this region
contains the maximum gain in the early warning time, for the
mass ratios we consider. We also include contours that de-
marcate the region of the m1 −m2 plane that are expected to
produce EM-counterparts, based on the spin of the primary
and the NS equation of state (EOS) of the secondary (Fou-
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cart 2012). For this purpose, we consider three values of the
spin (0,0.6,0.9), and two EOS: 2H (Kyutoku et al. 2010) and
SLy (Douchin & Haensel 2001). The former is a “stiff” EOS,
predicting a relatively broad region of the component-mass
space to produce counterparts, while the latter is a more “re-
alistic” EOS, as indicated by the GW-based investigations of
the source properties of the GW170817 merger event (Abbott
et al. 2019a).
We set the luminosity distance to 40 Mpc – similar to that of
GW170817 (Abbott et al. 2017a). We then sample the extrin-
sic parameter space of RA, Dec, polarization, and inclination,
to determine the optimal localization sky area 4. For the O5
and Voyager scenarios, we set the lower limit of the detector
bandwidths to be 10 Hz. We then determine the upper fre-
quency (and the time to coalescence from that frequency) for
which the 90% localization sky area reduces to 1000 deg2, for
waveforms with and without the higher modes. The difference
in the times to coalescence gives us the time gained∆τc(Ω90).
For the 3G scenario, we estimate the times gained by setting
the luminosity distance to 100 Mpc and the lower cutoff fre-
quency to 5Hz. Using a near-identical process to the one de-
scribed above, we also determine the times gained in reaching
a threshold network SNR of 4, which we denote as ∆τc(ρ4).
We get localization time gains of up to ∼ 25 seconds, ∼ 40
seconds and ∼ 5 minutes, for each of the observing scenar-
ios (O5, Voyager and 3G) respectively, and trigger-selection
time gains of up to ∼ 60 seconds, ∼ 100 seconds and ∼ 50
minutes. A significant fraction of the systems with time gains
close to the maximum values, are expected to produce elec-
tromagnetic counterparts for the assumed EOS (2H and SLy),
for moderate to highly spinning primary masses.
We further investigate the variation of the localization time
gains with extrinsic parameters. We start by focusing on those
determining the antenna pattern functions of the GW detec-
tors. We draw 1000 samples, at random, from uniform distri-
butions in RA ∈ [0,2pi], cos(Dec)∈ [−1,1] and polarization ∈
[0,2pi], while fixing the masses to m1 = 15M,m2 = 1.5M 5,
and fixing the inclination to 60 degrees. We then evaluate the
localization time gains for the O5 scenario, which we repre-
sent as cumulative histograms in Fig. 3. We find that the
median time gains are ∼ 8 seconds corresponding to ∼ 40%
improvements over the time to coalescence for the dominant
mode. These gains increase to about ∼ 15 seconds (∼ 60%
improvement) for the Voyager scenario and ∼ 120 seconds
(∼ 60% improvement) for the 3G scenario.
We then vary the inclination, and distance, individually,
while fixing the other extrinsic parameters to their optimal
values, and the masses to the same values as above (Fig. 4).
We find that for inclination, within a ∼ 60 degree-window
centered on the optimal value of 60 degrees, the time gains
don’t decrease by more than ∼ 50% of the maximum value.
Additionally, the time gains have an (approximate) inverse
scaling with the distance.
4. SUMMARY AND OUTLOOK
Current and upcoming transient surveys plan to partici-
pate in the follow-up of GW transients (see, e.g., Graham
et al. 2019), especially if they are expected to produce EM
4 The antenna pattern functions were computed using the PYCBC soft-
ware package (Nitz et al. 2018)
5 This choice of masses does not correspond to the optimal mass-
combination for time gain, within the mass-space we consider. Nevertheless,
it does represent a system that could potentially have an EM counterpart for
a moderately χ1 ∼ 0.6 spinning primary assuming a 2H equation of state.
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Figure 3. Cumulative distributions of the gains in the early warning time ac-
quired by sampling the parameter space of RA, Dec and polarization, for a
m1 = 15M,m2 = 1.5M system. We set the inclination to its optimal value
of 60 degrees, and the distance to 40 Mpc (100 Mpc for 3G). The rows cor-
respond to different observing scenarios and the columns correspond to (left)
time gains in seconds, and (right) as fractions of the early warning time using
only the dominant mode. Starting from the top panel, the median values of
the times gained are ∼ 8 seconds (40%), 15 seconds (60%) and 120 seconds
(60%).
counterparts via the tidal disruption of one or both of the bi-
nary’s components. Real-time dissemination of sky localiza-
tion from GW data is useful for fast and wide-field surveys
(e.g., Bellm et al. (2018); Ivezic´ et al. (2019)) to begin follow-
up observations, the slew times of which can be ∼ 30−60s.
Given these slew times, we show that the inclusion of
higher modes in GW low-latency searches (such as Messick
et al. 2017; Adams et al. 2016; Nitz et al. 2018; Chu 2017)
will improve the early-warning time. This is especially true
for asymmetric mass compact binaries with inclined orbits,
where higher multipoles of the gravitational radiation are ex-
pected to make appreciable contributions to the SNRs. The
existence of some of these higher multipoles, and their con-
formity to General Relativity, was recently confirmed with
the detection of an asymmetric BBH merger GW910412 ob-
served by LIGO and Virgo during O3 (The LIGO Scientific
Collaboration et al. 2020).
In particular we have shown that, for the parameter space
we have explored (m2 ∈ [1,3]M, q ∈ [4 − 20]), and assum-
ing a luminosity distance similar to that of GW170817, it is
possible to achieve a localization of ∼ 1000 deg2 with time
gains of up to ∆τc(Ω90) ∼ 25 seconds for O5 sensitivities, as
compared to when only the dominant mode is considered. For
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Figure 4. Top Panel: Variation of the localization time gains, in the O5
scenario, with inclination angle, while fixing all other extrinsic parameters
to their optimal values and the luminosity distance to 40 Mpc. We pin the
masses to m1 = 15M,m2 = 1.5M. We find that within a 60-degree win-
dow centered on the optimal inclination value of 60, the time gains don’t
decrease by more than 50% of the maximum value. Bottom Panel: Variation
of the localization time gains with luminosity distance, for the same set of
masses, and other extrinsic parameters set to their optimal values. Doubling
the luminosity distance from 40 Mpc to 80 Mpc decreases the time gain by a
factor of about 2; in fact, the time gain is almost inversely proportional to the
luminosity distance.
3G detectors, the improvement in early warning time can be
∆τc(Ω90) ∼ 5 minutes when we keep the source at 100 Mpc.
These correspond to improvements of over a 70% (with re-
spect to using waveforms with just the ` = m = 2 mode) for
some of the binary configurations we have explored.
In addition, we have investigated the variation of these time
gains with the sky location and orientation of the binary while
fixing the masses to m1 = 15M,m2 = 1.5M. Such a binary
is expected to produce a counterpart upon merger, even for
moderate spins of the primary. We find that for a significant
region of this parameter space, the gains don’t decrease by
more than 50% of the maximum values. We also study the
variation of the gain in early-warning time, for a range of
luminosity distances spanning 10 − 100Mpc 6, and get time
gains spanning ∼ 50 − 6 seconds in the O5 scenario. These
gains would increase by over an order of magnitude for 3G
detectors. We also estimated time gains for trigger-selection,
where we set the threshold network SNR to 4. These times
gains are greater than those for localization: For O5, we get
gains of ∼ 1 minute, and for the next-generation detectors we
get gains of up to∼ 50 minutes. However, from a EM follow-
up perspective, the early-warning times for localization are
likely more useful.
The choice of 1000deg2 as the fiducial threshold for sky
6 Beyond this distance, observing counterparts with electromagnetic tele-
scopes becomes difficult since capturing the image would require significant
increases in exposure times.
area is similar to some of those considered by (Cannon et al.
2012), and can be justified if a catalog of galaxies is available,
allowing EM telescopes to adopt some form of slewing strat-
egy (see, e.g., Coughlin et al. 2018) to efficiently probe the
estimated localization region.
One might ask how often would we expect to see NSBH
mergers with counterparts, within 100 Mpc? This question
is difficult to answer given that no confirmed NSBH merger
has so far been observed. That said, upper limits on the rate
of mergers of these transients do exist (Abbott et al. 2019b),
which we could use to do a more elaborate population study to
estimate a distribution of time gains. We leave this for future
work.
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